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Summary
Advances in DNA sequencing technologies, as well as refined bioinformatics methods for interpretation of complex datasets, have provided the opportunity to comprehensively assess gene expression in tumours and their surrounding microenvironment. More recently, these advances have highlighted the interplay between the immune effector mechanisms and breast cancer cell biology, emphasizing the long-recognized link between immunity and cancer. Studying immune-associated genes has not only resulted in further stratification within the broad pathological types of breast cancers, but also provided further biological insights into the complex heterogeneity within breast cancer subgroups. On the basis that anti-cancer therapies can modify the host-tumour interaction, investigators have focused their attention on the predictive value of immune parameters as markers of therapeutic anti-tumour response. We discuss the current status of immune signatures in breast cancer and some of the fundamental limitations that need to be overcome to move these discoveries into clinic.
Introduction
A decade from the first draft of the human genome sequence [1, 2], our increasing understanding of the genetic aberrations that drive human malignancies has provided an impetus towards achieving more personalized cancer care. Genome sequence analysis (genomics) is beginning to reveal how DNA sequences vary from individual to individual: epidemiological genome-wide association studies have identified a number of single nucleotide polymorphisms (SNPs) related to disease susceptibility and breast cancer survival [3] [4] [5] , and within the tumour a catalogue of sequence polymorphisms and chromosomal aberrations exhibit variations between individuals [6, 7] . Additionally, recent advances in mRNA and microRNA gene expression profiling (transcriptomics) in tumours have helped identify prognostic and predictive biomarkers in many types of human malignancies [8] [9] [10] . No cancer type has seen as much attention to the layers of its genomic background as breast cancer, and early work by Perou et al. [11] showed that transcriptional data generated using microarrays could stratify patients into distinct molecular 'intrinsic subtypes' relating to tumour biology and behaviour. 5 groups were identified and named Luminal A, Luminal B, Basal-like, Normal-like and the HER2-enriched subgroups. This classification has since seen further adaptation and evolved to include a 6th subgroup based on the low expression level of tight junction (claudin) genes -the claudin-low group [12] [13] [14] . These seminal publications resulted in an explosion of interest in the field of cancer genomics with countless publications attempting to unravel the complexities of both the inter-patient and intra-tumour heterogeneity of breast tumours at DNA copy number, sequence and transcriptional levels [15] [16] [17] .
In parallel, recent years have seen a growing appreciation of the concept of 'cancer immunoediting' describing the integration of the immune system's dual but opposing impacts: host-protection and tumour promotion [18] . Cancer immunoediting consists of 3 successive steps whereby immune cells in the tumour microenvironment are thought to interact intimately and actively with the transformed cells [18] [19] [20] . In the 'elimination' phase, various components of the immune response work together to destroy developing tumours long before they become clinically apparent. During the 'equilibrium' phase, a balance is established between the tumour and the immune system, shaping each other reciprocally. Finally, the immune system contributes to the selection of tumour variants that enter the 'escape' phase, in which their outgrowth is no longer blocked by immunity resulting in clinically apparent disease [18] [19] [20] [21] [22] . The cells playing a key role in this process have been identified in both the innate (e.g. natural killer cells, natural killer T-cells, macrophages and dendritic cells) and the adaptive (e.g. CD4 + T helper type 1 (T H 1) and CD8
+ T-cells) immune 'arms'. While the exact interplay between these components remains to be fully elucidated, the extensive transcriptomics information of breast cancers has provided novel insights into the interaction between the immune and breast cancer cell biology. Figure 1 gives a schematic illustration of the development of immunological gene expression signatures, and highlights that the relevance of early transcriptomics discoveries for identification of immune predictive and prognostic biomarkers is only now being fully appreciated. There remain some fundamental limitations, however, that need to be overcome to move these exciting discoveries from the bench to the bedside. ate neo-antigens with higher immunogenicity [34] . Similarly, other studies have reported that p53 abnormalities and increased immune cell infiltrates are significantly more common in high-grade serous ovarian cancers with germline and somatic mutations in BRCA1 or BRCA2, compared with tumours lacking BRCA abnormalities [35, 36] . In ER-negative breast cancers, a clear anti-correlation between proliferation genes and an immune signature of 14 genes involved in proinflammatory cytokine/chemokine signalling has been observed [37] ; on the other hand, the observed correlation between tumour growth and immune microenvironment [28] raises the possibility that a slow growing tumour is associated with a different tumour-host interaction (e.g. a humoral response to the tumour and its antigens) than a fast growing one. Studies report the enhancement of metastatic potency of breast cancer cell lines enriched with stromal cells [38] , lending support to the concept of a symbiotic relationship between tumours and its microenvironment. In contrast, highly proliferative tumour cells may produce different signals which will in turn influence the microenvironment down a different path. Thus, the proliferation rate of a tumour [39] might be a surrogate indicator of the tumour's stromal environment as well as the intrinsic properties within the tumour cell that influence that environment. Unravelling the complexity of this association would be valuable information for targeted therapeutic strategies with potential to target both tumour cells and their interface with an immunologically active and cytokine-rich stroma and might shed further light on the signals influencing tumour growth and its microenvironment.
There has been an increasing focus on the potential for immune-related features for further stratification of breast cancers, alongside proliferation and associated gene expression signatures (genomic grade index [40] , 70-gene signature [41] and 76-gene signature [42] ) which appear to be successful in particular for stratifying ER-positive tumours where cell proliferation is a key element for outcome prediction. Using a test-and-validation strategy on a comprehensive collection of breast tumours, Hu et al. [43] were the first to report that interferon (IFN)-γ and regulators of STAT1-based immunity may have an anti-tumour effect. IFNs are a family of structurally related cytokines and possess a wide range of immune properties including antiviral activity, promotion of antigen presentation as well as inhibition of cell growth and proliferation. This study provided the first suggestion that the expression of multiple immune-related genes had an influence on the outcome of breast cancers of non-ER-positive type. It was shortly followed by a publication interrogating 3 publicly available microarray data sets, comprising 186 adjuvant therapy-naïve ER-negative breast cancers, and thereby identifying 7 immune-responsive genes capable of specifying tumours with reduced risk for distant metastasis [44] . Interestingly, a correlation between the so-called immune response (IR+) module and the previously determined IFN-regulated cluster was observed. The small overlap of genes (including STAT1)
Immune Signatures in Breast Cancers
The presence of a prognostic impact of lymphocyte infiltration in breast cancer has long been debated and remains controversial. Several lines of evidence support the hypothesis that lymphocytic infiltration is a marker of host anti-tumour immune response. Even the first applications of microarray analysis to whole tumour sections revealed variations in the expression of several genes associated with immune cells; including for example, the interferon-regulated genes [23, 24] , B-lymphocyte markers [24] , as well as T-lymphocyte-associated genes [23] . Laser-captured microdissection of stromal components identified a good-outcome signature of 26 genes enriched for elements of the T H 1 immune response [25] . Rody et al. [26] identified 7 clusters of immune system-related metagenes by large-scale microarray analysis and demonstrated an association with different immunological cell types. A strong positive prognostic value for the T-cell surrogate marker (lymphocyte-specific kinase (LCK) metagene) was observed among all oestrogen receptor (ER)-negative tumours and amongst ER-positive tumours with HER2 overexpression, whereas an IgG metagene as a marker for B-cells had no significant prognostic value. Another earlier study reported that increased expression of T H 1-associated genes was protective in breast cancer patients, but only in patients under 45 years of age [27] . The importance of subtle variations in the expression levels of immune cell-associated genes within breast tumours is evident. Schmidt et al. [28] demonstrated that the IgG metagene outperformed the T-cell metagene as a favourable prognostic factor in highly proliferating specimens, while a further study reported that among ERnegative and ER-positive highly proliferative cancers, a subset of tumours with high expression of a B-cell/plasma cell metagene carries a favourable prognosis [29] . In HER2-overexpressing breast cancers, the expression of genes associated with the immunoglobulin pathway correlated with tumourinfiltrating lymphocytes and predicted favourable clinical outcome among highly proliferating tumours [30] . These immunoglobulin genes are likely to be co-regulated, and therefore the prominence of an immunoglobulin pathway does not necessarily imply that the lymphocytic infiltrate is composed mostly of a particular immune cell subset such as B cells. Interestingly, in ovarian cancer, the causal nature of relationship between the strong association of T-cell infiltrate with good patient outcome has been debated: it may be due to the T-cell infiltrate effectively eliminating tumour cells, or might reflect indolent tumour cell biology characterized by slower growth, thus increasing the opportunity for immune cell infiltration into the tumour microenvironment [31] . However, this is challenged by the observation that highly proliferating tumours are more likely to be associated with higher T-cell infiltrates [32] , possibly due to mitotically active cancers exhibiting high genomic instability [33] . It can therefore be hypothesized that a higher mutational rate is likely to gener-and the difference in their clinico-pathological features (IFNexpressing tumours encompassed more cases with positive lymph node metastasis) strengthened the IR+ module as a key gene signature for subtype classification. Focusing on basal-like breast cancers -the majority of which are ER-negative tumours -revealed a positive relation to outcome with the presence of either a module encompassing 28 kinases or a gene signature derived from medullary breast cancers [45, 46] . Medullary breast carcinomas are highly proliferative breast cancers showing increased lymphocytic infiltration and having an overall good prognosis. Genes involved in the IL15 and IL12 pathway appear to be the main players in the medullary breast cancer signature and indicated a better prognosis [45] . In agreement with this immunological pathway was the expression pattern of the kinome-gene module in basal-like breast cancers, which also pointed to an activation of T H 1-biased lymphocytic infiltration in good prognostic cancers [46] . Characterisation of a comprehensive transcriptomic dataset of triple-negative breast tumours, by definition also ER-negative and with significant clinically and biologically overlap to the basal-like subtype, could further dissect their tumour-host interaction. A specific relationship between individual components of an immune response such as the ratio of a high B-cell content to a low IL8 expression seem to infer a positive prognosis for triple-negative breast cancers [47] . A positive association of lymphocytic infiltration and outcome in ER-negative breast tumours has recurrently and robustly been observed and triggered expectation for the development of new therapies based on immune response manipulation for breast cancer subtypes.
However, the fine print within the bulk of observations should not be overlooked, and novel insights into tumour immunology need to be cautiously evaluated. Recently, Ascierto et al. [48] identified among 299 immune function genes, a 5-gene signature (IGKC, GBP1, STAT1, IGLL5 and OCLN) involved in B-cell development with a high predictive accuracy for relapse-free survival of 85%. At the same time, genes involved in primary immunodeficiency signalling, T-cell apoptosis, CTLA4 signalling and production of nitric oxide and reactive oxygen species were also up-regulated in the tumour specimens of patients who were subsequently free of relapse. The authors offer an explanation for this paradoxically concurrent expression of immune effector and suppressor genes whereby tumour-derived factors (e.g. GM-CSF, VEGF and MCP-1) facilitate the expression of immune suppressor genes as well as acting as chemo-attractants for immune cells. Surgical intervention may then disturb this carefully balanced system between immune suppressor and effector genes, leading to the different expression ratio between these 2 sides. It is also possible that the immune activation of cancer cells initiates a positive feedback loop whereby the cancer cells not only invite immune cells to the tumour microenvironment but they are also more sensitive to pre-inflammatory factors secreted by immune cells. [49, 50] , the integration of these elements into prognostic and predictive models for further breast cancer subgroups is the next step to assess validity and optimize efficacy.
Predictive Immune Biomarkers in Breast Cancer
The development of predictive immune signatures to help guide the use of anti-tumour therapy is still in its infancy. However, on the basis that anti-cancer therapies can modify the host-tumour interaction, cancer genomic experts have focused their attention on the predictive value of immune parameters as markers of therapeutic anti-tumour response. Gianni et al. [51] have shown that immune-related genes, such as CD3, are linked to response to chemotherapy in a cohort of 89 breast cancers, of which 11 had a pathological complete response (pCR). More recently, Sabatier et al. [46] investigated the link between an immune cell-derived 28-kinase metagene and response to anthracycline-based neoadjuvant chemotherapy for basal-like breast cancers. 'Immune-High' patients experienced more pCR (59%) than 'Immune-Low' patients (43%), and although this was not significant (p = 0.29), similar trends have been observed with modest predictive value for neoadjuvant chemotherapies: high expression of both IgG and LCK metagenes in ER-negative breast carcinomas [26] , and a high B-cell/low IL8 ratio for triple-negative breast cancers [47] . Similarly, gene expression profiling of breast tumour cell lines and mouse models exposed to single-dose (10 Gy) versus fractionated (2 Gy × 5) radiation have revealed that only the fractionated regimen induced an interferon-related gene signature, including STAT1 [52] . Taken together, these model systems illustrate that chemotherapeutic agents may restore the immunological equilibrium not only due to the 'debulking' of the tumour mass but also due to direct or indirect effects on the immune system. In fact, anthracyclinebased chemotherapies have been shown to induce a vigorous infiltration of anticancer immune effectors in mice [53] . CD19, CD3D, CD48, GZMB, LCK, MS4A1, PRF1 and SELL) to examine the association between tumour-infiltrating lymphocytes (TIL) and short-term response to neoadjuvant chemotherapy in ER-negative tumours (n = 113) [54] . TIL-enriched tumours significantly predicted anthracycline sensitivity with an odds ratio of 6.3 for HER2-positive and triple-negative tumour phenotypes. Additionally, Denkert et al. [55] reported a significant relationship between TIL (identified by a combination of H and E assessment, and expression analysis of several TIL genes by polymerase chain reaction) and pathologic response to neoadjuvant anthracycline/ taxane therapy in a large group of 1,058 patients (one fourth of whom were ER-negative).
Several studies have suggested possible mechanisms of tumour-immune interaction in response to chemotherapy. Appropriate preclinical models have shown that 2 receptors present on dendritic cells, namely TLR4 (a toll-like receptor) and P2RX7 (a purinergic receptor), are essential for their cross-talk with a dying cell. They recognise 2 soluble molecules released from the dying tumour cells, HMGB1 and ATP, respectively. In the absence of TLR4 or P2RX7, the immune system fails to mount an antitumor immune response after chemotherapy [56, 57] . A loss-of-function polymorphism of the TLR4 is an independent predictive biomarker for response to anthracycline chemotherapy in breast cancer patients [56] . Similarly, anthracycline-treated individuals with breast cancer carrying a loss-of-function allele of P2RX7 developed metastatic disease more rapidly than individuals bearing the normal allele [57] . A comprehensive analysis of publicly available gene expression studies evaluating anthracycline with or without taxane-based neoadjuvant chemotherapy has reported that high immune module scores were associated with increased probability of achieving pCR in all breast cancer subtypes with varying degree of significance I minimal non-malignant (stromal and lymphocytic) enrichment; II small presence (< 10%); III moderate presence (10-30%), and IV strong enrichment (> 30%) (images courtesy of Patrycja Gazinska). [58] . Although the data with regards to predictive immune response gene sets is still very sparse, the above data provide preliminary validation of the concept that selective immune defects can influence the efficacy of anticancer chemotherapies. Hence studies exploring the possibility of predicting therapeutic outcome by assessing dynamic variables such as changes in the frequency, composition, activation status and repertoire of TIL, the expression of immune-relevant metagenes (in repeated lymph node biopsies), or the generation of tumour-specific antibodies (in patient sera) after chemotherapy need to be encouraged.
Discussion
While multigene prognostic and predictive gene signatures were once expected to replace clinicopathological parameters for therapy decision-making, a complete transition has not yet taken place. This is partly due to inherent problems of technical robustness and experimental as well as analytical standardization [14] . Likewise, the inherent complexity of immune gene signatures ( fig. 2 A) , heterogeneous assay protocols between laboratories, and the use of different statistical strategies are proving to be rate-limiting steps for the development of immune-related biomarkers for clinical application. The high data variability and poor reproducibility complicate meta-analyses comparing results across laboratories, however, efforts are being made internationally to minimize these obstacles. Irshad/Grigoriadis/Lawler/Ng/Tutt PBMC-based biomarkers of immune response in patients receiving cancer immunotherapy [64] need to be further explored as means to guide therapy and prognosis.
Conclusion
In conclusion, recent genomic approaches provide an opportunity to evaluate the tumour microenvironment (including stromal, endothelial and immune cells) and offer the possibility of identifying cytokines and signalling molecules that are important for limiting pro-tumourigenic responses and enhancing anti-tumour immune responses. Whilst the majority of the ER-positive breast cancer prognostic signatures are associated with proliferation signals, genes related to immune response appear to provide important prognostic information in other breast cancer subtypes (e.g. ER-negative, HER2-overexpressing or highly proliferating ER-positive breast cancers). Moreover, accumulating evidence indicates that chemotherapy can stimulate anticancer immune responses, and immune-related genes are linked to chemotherapy response and patient outcome. Large-scale studies exploring the composition, intra-and peritumoural distribution, architecture, and functional articulation of the immune infiltrate along with its context are needed to fully comprehend the immune readouts in breast cancer. As massive amounts of biological and immunological data are generated, technological and advances in the biostatistical analysis of genomics represent a remarkable opportunity to fine-tune breast cancer classification, prognosis and treatment prediction.
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More specifically, Rody et al. [26] have argued that the level of lymphocytic infiltration has a greater effect on the tumour gene expression profile than the differences in a mixture of distinct types of immune cells. Although immune gene signatures appear to be highly sensitive to the composition of tumour cell content, it may be difficult to detect differences in immune cell composition in a background of differential in filtration levels between tumour samples. Enrichment of samples to > 70% malignant epithelium has become standard for expression profiling experiments and should help to minimize this obstacle for many tumour samples. In triple-negative breast cancer specimens, however, where the lymphocytic cells are intertwined with cancerous cells (fig. 2 B) , this is not always feasible.
The dynamic plasticity of the tumour microenvironment itself adds further complexity to the task of translating immune cancer genomics into cancer therapies. Possible alteration of immune milieu within the tumour due to surgical or chemotherapeutic interventions means that the composition of the profiled tumour sample might not resemble the true immune microenvironment. Recent evidence indicates that T-cells alter their end-stage commitment in response to microenvironmental cues, for example shifting from a T H 17 commitment to a T H 1-, T H 2-or T-reg-specific pattern [60] , with shift patterns ultimately determining the functional role of these immune cells. Similarly, molecular variations between tumour samples may be occurring at the protein and protein-protein interaction level, for example mediated by post-translational modifications, thus hampering the identification of transcriptomic-based immune gene signatures as robust fingerprints for prediction of survival or treatment response.
Lastly, although gene expression profiling of the primary tumour and its microenvironment are likely to help drive various tumour immunology hypotheses, one important consideration in the development of cancer immunotherapy is tissue source for utilization into biomarker assays. Applying microarray-based expression profiling on peripheral blood mononuclear cell (PBMC) from patient blood samples may represent a useful tool in the identification of immune signatures associated with cancer immunotherapy. Although little is known about PBMC gene expression immune signatures in cancers, several studies in the autoimmune literature have demonstrated utility of PBMC expression arrays to help identify predictors of response to therapy and prognosis [61] [62] [63] . More importantly, validation of immune signatures on a large scale is much more feasible on blood-based technologies, and 
